The acuity of compound eyes is determined by interommatidial angles, optical quality, and rhabdom dimensions. It is also affected by light levels and speed of movement. In insects, interommatidial angles vary from tens of degrees in Apterygota, to as little as 0.24 • in dragonflies. Resolution better than this is not attainable in compound eyes of realistic size. The smaller the interommatidial angle the greater the distance at which objects-prey, predators, or foliagecan be resolved. Insects with different lifestyles have contrasting patterns of interommatidial angle distribution, related to forward flight, capture on the wing, and predation on horizontal surfaces.
INTRODUCTION AND OVERVIEW
Because compound eyes are very different from our own, the question "what can insects see?" has intrigued cartoonists and film-makers as much as entomologists. Since the 1920s, and in particular over the last 25 years, much has been learned about insect visual capabilities, especially their use of colors (including the ultraviolet), their detection of polarized light, and their sensitivity to pattern and motion. However, the groundwork for the study of acuity, the subject of this review, was laid earlier, in the 1890s. Exner's great monograph of 1892 (13) provided a comprehensive account of the physiological optics of insect eyes. However, it did not define what it is that limits their spatial resolution. This was explained in a brief paper in 1894 by Mallock (46) , whose remarkable insights were not properly appreciated for another 60 years.
Mallock was delightfully explicit: "The best of the eyes. . . would give a picture about as good as if executed in rather coarse wool-work and viewed at a distance of a foot." In his paper he also explained why insect vision should 147 0066-4170/97/0101-0147$08.00 be so poor. The problem for compound eyes is that each ommatidium, the receptor unit that samples the image of the surroundings, has its own lens; because there must be a large number of these lenses, they are necessarily small. Mallock realized that the resolution of these tiny lenses is limited by diffraction-a consequence of the wave nature of light that also limits the resolving power of microscopes and telescopes-to about 1
• , giving an acuity roughly one hundredth that of the human eye, with its much larger aperture. To give a compound eye the same (about 1 arc-minute) resolution as our eyes would require millions of lenses each as large as a human lens. Such an eye would, he calculated, have a radius of 19 feet (6 m), the size of a large house (for an illustration, see Ref. 30) .
Interest in the physical optics of compound eyes began again in the 1950s with de Vries (9) and Barlow (2) , and the discussion of the limiting role of diffraction was redeveloped, particularly by Kirschfeld (30) and Snyder (72) . In 1941, Hecht et al (see 57) discovered that human vision is limited in dim light by the small numbers of available photons. This limit proved to be just as important for insect vision (58) . Another recent discovery is that elongated receptor structures, such as the rhabdoms of compound eyes, behave as waveguides (73) . These retain light by internal reflection, but some of the light energy travels outside the structure and can be trapped by external pigment, forming an iris mechanism in many insects (76) . By 1980, it is fair to say that the physical principles behind the organization of compound eyes were well understood. These principles were reviewed comprehensively and with authority by Snyder (73) .
Over the same period, there were some important discoveries in physiological optics. Exner's division of compound eyes into apposition and superposition types (13) was challenged during the 1960s (22) , but this challenge proved misguided (33) . The optical and retinal organization in Dipteran flies, where the rhabdomeres of the receptors in each ommatidium are not fused together as in other apposition eyes, was finally solved in 1967 by Kirschfeld (28, 31) and named neural superposition. In 1984, Nilsson et al (51, 52) found that the apposition eyes of butterflies used an optical system that had much in common with the superposition eyes of moths, to which they are closely related. The present state of knowledge on compound eye optics was fully reviewed by Nilsson (49) .
With regard to acuity itself, the major refinements since 1950 have been the development of noninvasive methods of measuring acuity using the pseudopupil (15, 23, 76) or ophthalmoscopy (14, 37, 39) rather than the older histological techniques. The main outcome of these have been the realization that most insect eyes have substantial variations in acuity across the eye, reflecting lifestyle and ecology (23, 38) . This is a major theme in this review.
THEORETICAL BACKGROUND

Definitions of Acuity: Spatial Frequency
Acuity, in human vision, is defined as the reciprocal of the minimum resolvable angle measured in minutes of arc (89) . Usually, this angle refers to that subtended at the eye by two stripes in a grating of equal light and dark stripes, or a similar object. Thus acuity is the reciprocal of a complete period of the pattern, i.e. its "spatial frequency" (ν; units are cycles per degree or cycles per radian, where 1 radian = 180
• /π = 57.3 • ). In this review "acuity" is always used in this sense. An insect's maximum acuity is referred to as ν max .
Acuity is sometimes also used to describe the smallest single object that an eye can detect, rather than the finest grating. The physics of these situations are not the same, and single stripes or single objects generally yield much lower angular thresholds. In the old literature, grating and single object thresholds were sometimes referred to as "minimum separable" and "minimum visible." Here we use "single object threshold" for the latter. The term "resolution" is used in a loose way to mean "ability to resolve fine detail."
In general, objects such as foliage with complex detail can be thought of as a multitude of gratings with different periods, and the finest detail visible to an insect is determined by acuity (in the strict sense). The better the acuity, the greater the distance at which environmental structures can be used in navigation and locomotory guidance. On the other hand, queen bees sighted by drones against the sky, or insect prey seen on the wing by dragonflies, are examples of small targets for which the single object threshold is a more appropriate guide to performance. Here, good resolution means that small targets can be detected at greater distances.
Features Contributing to an Eye's Acuity
The performance of any eye is principally affected by three structural and two environmental features. Among the former are (a) the angular spacing of the receptors, which determines how finely an image can be resolved; (b) the quality of the optics (if the image is blurred, then a fine grain retina is wasted); (c) the diameter of the photoreceptors (in a wide receptor-or rhabdom-image detail smaller than its width is lost, and in narrow diameter receptors, waveguide effects also become important). Among the latter are (a) the amount of light available to the receptors (at low light levels there are not enough photons to provide a statistically reliable signal, and the ability to detect contrast declines), and (b) motion (in highly maneuverable animals, such as insects, image motion across the eye causes blur, just as in photography). The following sections will explore these limitations. This treatment applies strictly to apposition eyes of the type found in diurnal insects such as bees, although many aspects apply to other types of insect eye (neural superposition, afocal apposition, and optical superposition, discussed in detail in a later section). Important differences will be dealt with in a later section. The terminology used here generally follows that of Snyder (73) .
Sampling by the Ommatidial Array: Interommatidial Angles
The angle between two detectors in an array is one of the fundamental determinants of acuity (Figure 1a) . In a camera-type eye this is the subtense of two receptors at the "nodal point" (the point in the optical system through which rays are not deviated, so that angles in object and image space are the same). In an apposition compound eye, the situation is different because it is the ommatidia rather than the receptors that are the basic sampling units. This is because (a) (b) Figure 1 (a) The relationship between acuity in an apposition compound eye (upper) and a simple or camera-type eye (lower). Abbreviations: φ, angle between receptor units; D, diameter of compound eye facet; R, compound eye radius of curvature; f , focal length of simple eye; s, receptor separation; C, center of curvature of compound eye; N , nodal point of simple eye. Acuity, in both cases, is the angular spatial frequency of the grating (bars at the top of the figure) that the retina can resolve: 1/(2 φ). (Based on 30.) (b) The acceptance angle of an ommatidium ( ρ) is a combination of the quality of the optical image, represented by the point-spread function (left) and the rhabdom acceptance angle (right). The way these combine is usually complex, but the equation below gives a useful approximation. Abbreviations: λ, wavelength of light; d, rhabdom diameter; f , focal length of ommatidial optics. the photodetector, the rhabdom composed of photopigment-bearing microvilli from up to eight receptors, acts as a single light-guide that "scrambles" whatever image reaches its distal tip (Figure 1b ). There may be spectral or polarization resolution within the rhabdom, but there is no further spatial resolution. As Figure 1a shows, in a simple eye the angle between two detectors ( φ) is s/f (rad), where s is the receptor separation and f is the focal length. In an apposition eye the equivalent is the angle between the optical axes of adjacent ommatidia, D/R (rad), where D is the diameter of facet lens and R is the local radius of curvature of the eye.
When an eye views a grating, its composition will be resolved if there are two detectors (receptors or ommatidia) to view each cycle of the grating, one for the dark and one for the light stripe. Finer gratings may be detected but are inaccurately represented (16), a phenomenon known as aliasing. Thus the acuity is set by the sampling frequency of the mosaic (ν s ), where
There is some question as to what is the appropriate interommatidial angle to use when the lattice is hexagonal. In a lattice with hexagons "standing on their tips" as in the eye of a bee, horizontal rows of ommatidial axes are separated vertically by less than the interommatidial angle, specifically (3) 1/2 φ/2 ( Figure 2a ). Some argue that this, rather than φ itself, is the proper basis for measuring acuity in some circumstances (73, 76) , but the evidence is equivocal. Here we will use the simple interommatidial angle φ wherever possible. Figure 2b shows a useful scheme introduced by Stavenga (76) that uses the partial interommatidial angles ( φ h and φ v ) to define a rectangular matrix that fully describes the hexagonal pattern. This scheme can describe all types of sampling mosaics, including ones whose form changes across the eye. A difficulty with the Stavenga scheme is that one or other of the partial interommatidial angles is equal to φ/2, which can be confusing. Horridge (23) , for example, uses twice the values of φ h and φ v as horizontal and vertical interommatidial angles. Readers should be aware of such differences in usage.
The acuity indicated by the sampling frequency (Equation 1) will only limit resolution if the ommatidial optics are good enough to resolve this spatial frequency, or better. We now consider how optical factors limit acuity.
Optical Quality
As the detail in an object gets finer, the contrast in its image decreases until at some point it becomes zero (Figure 3b ). Above this spatial frequency there is nothing left to detect. All optical systems have such a cut-off frequency. The fundamental reason for this is diffraction (see below), although other imperfections such as focus defects can also blur the image, i.e. prevent high spatial frequencies from reaching it. The existence of a cut-off frequency means that there is an upper useful limit to the sampling frequency (ν s ) of the mosaic. If the cut-off frequency is ν co , then the maximum possible resolution is achieved when the mosaic can just resolve the image that the optics are just capable of providing, in other words
In the human eye, in daylight, this condition is almost exactly met: ν s and ν co are both close to 60 cycles per degree. In insects the available evidence suggests that ν s is closer to ν co /2 (39, 87) , meaning that the image provides the receptors with a reasonable amount of contrast, compared with the near zero contrast that the human retina is able to respond or perceive at the resolution limit.
THE DIFFRACTION LIMIT If the optics are otherwise free of defects, the limit to resolution is set by diffraction. The image of a point object is not a point but a diffraction pattern known as the Airy disc (Figures 1b, 3a) . This has a central intensity maximum outside of which are a series of rings of minima and maxima of sharply decreasing intensity. The wider the lens aperture (D), the narrower the Airy disc, and hence the finer the resolution in the image. The most convenient measure of the pattern is the width of the central bright disc at half maximum intensity (the half-width), which is almost exactly λ/D radians (Figure 3a) , where λ is the wavelength of light (500 nm for blue-green light) (73) . The distribution of light in the image of a point source is also known as the point-spread function (PSF), which may be wider than the Airy disc because of other optical imperfections but can never be narrower. One can think of this as the blurring function in the conversion of object to image. This blurring will have little effect on coarse gratings, but as the grating period approaches the half-width of the PSF, the contrast in the image declines, and it finally reaches zero at the cut-off frequency (ν co ). In a diffraction limited eye, this frequency is equal to the reciprocal of the point-spread function half-width (hw). Thus
and
MODULATION TRANSFER FUNCTION A convenient description of the performance of an eye's optics is given by their modulation transfer function (MTF). This gives the ratio of the image and object contrasts for gratings of all spatial frequencies. Contrast is defined as (I max − I min )/(I max + I min ), where I max and I min are the maximum and minimum intensities in the object or image. For a diffraction limited but otherwise defect-free lens the MTF has the form shown in Figure 3b . The graph shows that the image contrast declines almost linearly from 1 (for very coarse gratings) to 0 (at the cut-off frequency). Lenses that are defocused or have aberrations of various kinds show more complicated MTFs, but in general the optical systems of both well-focused human eyes and unfocused insect eyes behave more or less like that shown in Figure 3b . The MTF and the PSF can be derived from each other mathematically (37, 73).
Effect of Rhabdom Diameter
Each rhabdom picks off a small portion of the total image ( Figure 1 ). If the rhabdom is narrower than the image of a single stripe, it will faithfully report the intensity of the stripe imaged on it. However, if the rhabdom is wider than this, it will swallow however many stripes fit into its diameter. In camera-type and optical superposition eyes this is not a problem because the receptors are contiguous. In apposition eyes, however, there is no real restriction on receptor width, especially in dark-adapted eyes where the rhabdoms can swell to two or more times their diurnal diameter as they seek to capture more light (88) . This inevitably compromises resolution. Even the narrowest rhabdoms (< 2 µm) fail to act as perfect "point detectors," behaving as though they have diameters greater than their actual width. Light forms interference patterns within narrow light-guiding structures, and these patterns are known as waveguide modes (71, 73) . The so-called fundamental mode, which is the only one present in the narrowest rhabdoms or receptors, has a substantial fraction of its energy outside the boundaries of the structure that guides it. This has two consequences. In apposition eyes it means that narrow rhabdoms always appear to have a diameter rather larger than their real diameter, compromising resolution slightly. In eyes with contiguous receptors this leakage means that light energy from one receptor can find its way into its neighbors, again spoiling resolution. This gives a practical lower limit to receptor diameter of 1-2 µm.
The number of modes present, and the amount of energy in each mode, is determined by the waveguide parameter V, which in turn is determined by the rhabdom diameter, the refractive index difference between the rhabdom (n r ) and its surroundings (n s ), and the wavelength of light.
If any of these parameters change, the mode pattern changes, and so does the apparent diameter of the rhabdom. These effects are not large, but they are measurable (43, 70) .
In wider rhabdoms more waveguide modes are supported. Eventually, when the guiding structures are 5-10 µm wide, the sum of all these modes becomes indistinguishable from what geometrical optics and simple anatomy would predict: The rhabdom accepts light only over its actual cross section, and light is held within it by total internal reflection.
Angular Sensitivity and Acceptance Angle
The combined effect of optical blurring by the lens, the width of the rhabdom, and the waveguide modes it contains is not simple to calculate. However, this has been done (53, 54, 78, 79) , and the results accurately predict the measured angular sensitivities of the retinal receptors (17, 70) .
For many purposes, an approximation by Snyder (73) greatly simplifies the problem of combining the two blurring functions. If we assume that both the point-spread function and rhabdom acceptance function are Gaussian in profile, which is usually more or less the case, then their half-widths (hw) add as follows:
where comb, lens, and rhab refer to the combination, the PSF of the lens, and the acceptance function of the rhabdom respectively. For rhabdoms wider than a few micrometers, the acceptance function can be taken to have a half-width equal to the rhabdom diameter, which in angular terms is given by d/ f ( Figure  1b ). The Airy disc half-width is given by λ/D, where D is the lens diameter. Thus the half-width of the rhabdom's angular sensitivity, usually referred to as the ommatidial acceptance angle ρ, can be obtained from the following:
The effective cut-off frequency of the whole optical system including the rhabdom (ν opt ) is then given by
Equation 7 works well for wider rhabdoms, but tends to overestimate ρ by up to 30% in eyes with narrow rhabdoms or rhabdomeres that support only one or two modes. In the fly Calliphora erythrocephala, Equation 7 predicts a value for ρ of 1.83
• for receptors 1-6, whereas a method that takes account of the optical coupling of the lens diffraction pattern to the waveguide modes of the rhabdomeres predicts a value of 1.24
• (78). The problem is discussed by van Hateren (78, 79) .
If the acceptance function is approximately Gaussian with a half-width ρ, then the MTF of the receptors is given by the following:
where M(ν) is the contrast ratio at spatial frequency ν (Ref. 73 , p. 235), ( Figure  3b ).
Photons, Sensitivity, and Resolution
At low light levels, photons enter receptors at a very low rate. At the absolute human threshold, each receptor receives 1 photon on average every 40 minutes (57) , and the situation in insects is similar (58) . Small numbers mean poor statistics. In the case of light we are lucky because the nature of the statistical variation is well understood. Small numbers of events sampled from a large pool obey Poisson statistics, and one feature of this kind of distribution is that the variance is equal to the mean (56, 57, 59) . A result that is not hard to derive from this is that low contrasts require very large numbers of photons for their detection. It can be shown (36, 59 ) that the average number of photons per receptorN needed to detect a grating of contrast C is given by the following:
If the contrast in a grating is 0.5, the number required is 1/0.52 = 4. With a contrast of 0.1, the number is 100, but when the contrast is down to 0.01, the number is 10,000. The integration time of most insect receptors is considerably less than 0.1 s (25), so at low contrast each receptor would require photon numbers approaching a million, and these are only available at daylight light levels.
A related effect of low photon numbers is to limit acuity by placing a lower limit to the usable contrast in the MTF (Figure 3b ). Thus with 10 photons per integration time available, the contrast limit will be 0.32, and that will limit the maximum spatial frequency to about 60% of the cut-off frequency.
In view of these limitations, it is important to know how many photons are actually available to receptors under different lighting conditions. This is given, approximately, by the following expression (29, 36) :
where d, D, and f have their usual meanings ( Figure 1) (43) ] and many Diptera fly at light levels between those of roomlight and moonlight. The kinds of adaptations (other than dark adaptation at the receptor level) that make flight possible under these conditions follow from Equation 11 . In apposition eyes, wider facets (D) and wider rhabdoms (d) can increase sensitivity by 1-2 log units (88) . Receptor integration time may increase up to fivefold in the dark (25) . The optical arrangements in moths and some beetles (optical superposition) and in Dipteran flies (neural superposition) are also specializations that increase the available photon numbers in dim light (see Figure 4) .
Effects of Motion on Resolution
Because of the photoreceptors' finite integration time, the retinal image is subject to motion blur when eye and surroundings move relative to each other. As a rule of thumb, the image will start to lose contrast at high spatial frequency when the relative motion exceeds one acceptance angle ( ρ) per receptor integration time ( t) (41) . t can be defined as the half-width (in time) of the response to a small flash of light, and in most insects this is in the range of 5-50 ms (25, 45) . Thus if an insect has ρ = 1
• and t = 20 ms, then blur will occur at angular velocities greater than 50
• s −1 . In high-speed maneuvres, insects can rotate at speeds up to several thousand degrees per second (7, 40) and routinely turn at speeds well into the hundreds of degrees per second, so blurring is a real problem. Snyder (73) estimated the effects of motion blur in terms of the increase in width of the acceptance function ρ. He used a similar Gaussian approximation to that in Equations 6 and 7 to derive the extended acceptance angle ( ρ). If the angular velocity across the retina is v, then
The effect on the MTF, which will be reduction of contrast at the higher spatial frequencies, can be obtained from Equation 9 , substituting ρ v for ρ.
Resolution and Eye Size
The multi-lens design of compound eyes has dire consequences when there is a need for high resolution (30, 44) . The reason is that small lenses are diffraction limited, and so to increase resolution by a factor of two, for example, requires a doubling of the diameter of each ommatidium as well as a doubling of the number of ommatidia in a row. The consequence is that the eye must grow as the square of the required acuity. To achieve vertebrate-like acuity, the eye would need to be huge.
In a diffraction limited compound eye, ν co = ν s . Substituting from Equations 1 and 4 gives D/λ = 1/(2 φ). But φ = D/R (Figure 1) , where R is the eye radius, so that substituting for D gives R φ/λ = 1/(2 φ), or
If the interommatidial angle is 1 • (0.0175 rad), typical of insects, then for a wavelength λ of 0.5 µm this equation predicts an eye radius of 0.82 mm, which is reasonable enough, but if we make φ equal to 0.5 minutes (0.00015 rad), the spacing of cones in the human fovea, then the eye radius becomes 11.7 meters! In fact the largest insect eyes, those of dragonflies, have interommatidial angles of about 0.25
• . In general, the only realistic way that a compound eye can achieve resolution much better than a degree is to build in an "acute zone"-a small region with larger facets and higher acuity (23, 38) . We shall see that this is a very common strategy.
A second consequence of the diffraction limit is that it predicts a square root relationship between ommatidial diameter and eye size (2, 46) . (2) found that ommatidial diameter was indeed proportional to the square root of eye size over a wide range in Hymenoptera.
Acuity of Other Types of Compound Eye
In apposition eyes, each rhabdom has its own lens, and the rhabdoms themselves are "fused," with the contributions of the receptors forming a single lightguiding structure (Figures 4a, 4d ). There are three important variants of this structure: "open rhabdom" or "neural superposition," "optical superposition," and "afocal apposition."
Dipteran flies have eyes that are optically of the apposition type, but the photoreceptors of each ommatidium keep their individual photoreceptive structures (rhabdomeres) separated by 1-2 µm. Thus in the image plane there are seven separated receptive structures (Figures 4c, 4d) . Evidently the image within each ommatidium is partially resolved. What, then, is the relationship between these resolved inverted images and the overall erect image? Although the open rhabdom structure was described last century, this question was not finally resolved until the 1960s. Kirschfeld (28, 31) showed that the central rhabdomere in one ommatidium shares a field of view with one of the rhabdomeres in each of six adjacent ommatidia. Furthermore, all the receptors that thereby image the same direction in space send their axons, via a complex crossover arrangement, to the same synaptic "cartridge" in the lamina, hence the name neural superposition. For this to work the angular separation of rhabdomeres (s/ f ) has to be the same as the interommatidial angle ( φ = D/R) across the whole eye. The attainment of this apparently complicated arrangement permits the pooling, in the lamina, of the photon signals of 7 receptors, and hence a √ 7 improvement in contrast detectability (Equation 10), without compromising resolution. In a conventional apposition eye this would require an increase in rhabdom diameter (by √ 7) which in turn would both increase the receptor acceptance angle ( ρ) and decrease resolution. The result of this extra sensitivity is an extension of activity of about 15 minutes at sunrise and sunset; although this may not seem like much, it is in these brief spells that the insects can see well enough to swarm and mate, while their avian predators struggle to see them. The origins of this kind of eye are discussed by Nilsson & Ro (50) .
The optical superposition eyes of moths and nocturnal beetles are of a quite different construction (Figure 4b ). Exner (13) discovered that many facets of these eyes contributed to a single, real, deep-lying, erect image. He also worked out that for this to happen, the optical elements had to have the properties of two-lens telescopes rather than simple lenses, and that these telescopic elements could only achieve their optical power from an internal gradient of refractive index. These ideas have turned out to be completely correct (6, 33) .
Optically, this type of eye needs to be treated more like a simple (camera-type) eye because of its single image (Figure 4b) . From the eye's geometry, its focal length is the distance out from the center of curvature to the image, typically about half the radius of curvature of the eye. The interreceptor angle ( φ, radians) is then the receptor separation divided by the focal length. Usually, this is in the same range (1) (2) (3) (4) (5) • ) as in apposition eyes, and acceptance angles ( ρ) are also similar. The real difference comes in sensitivity: The effective aperture (D) is no longer the width of a single facet but is ten facets or more. This increases the sensitivity by 1-3 log units (Equation 11), allowing insects such as moths and beetles, including fireflies, to forage and mate late into the evening.
The eyes of butterflies have telescopic optical elements like optical superposition eyes, but the rhabdoms are close to the proximal end of these structures (the crystalline cones), as in apposition eyes, and each rhabdom views the world through only a single lens (51, 52) . These eyes are referred to as afocal because light from a distant point emerges as a parallel beam rather than a focused spot, and the acceptance angle ρ is set by the critical angle for internal reflection in the rhabdom, rather than its diameter. However, in practice they are very similar in performance to ordinary (focal) apposition eyes. They may in fact be very slightly superior in terms of resolution because the rhabdom waveguide modes couple better to the output of the optical system (80).
METHODS OF MEASURING ACUITY
Interommatidial Angles ( φ)
In principle the measurement of φ should be simple. If a row of ommatidia subtending 90
• in space is 45 facets long, then the average interommatidial angle must be 2
• . The problem is that the optical axes of ommatidia are rarely aligned exactly perpendicular to the eye surface, and so overall estimates based on external measurements tend to miss important features such as acute zones.
Some global measurements can give useful average results, however. An insect eye that covers 180
• of space has a total field of view containing 20,626 square degrees (a solid angle 1
• high and 1 • wide). A hexagonal field of view covers 0.866 φ 2 square degrees, where φ • is the angular separation of centers of the hexagons. Thus the number (n) of ommatidial fields of view that can cover a hemisphere, without overlap is 23818/ φ 2 or φ = (23, 818/n) 1/2 . In Musca domestica (having 3000 ommatidia) φ comes to 2.8
• , and in Drosophila melanogaster (having 700 ommatidia) φ comes to 5.8
• . Both estimates are close to measured values.
Before the 1960s, φ was commonly measured from histological sections, and when properly interpreted, these gave accurate results (3, 10). They demonstrated variations in φ across the eye in bees and butterflies, as well as differences between vertical and horizontal angles. However, differential tissue shrinkage always remained a likely source of error.
More recently, measurements of φ have involved the use of the pseudopupil in its various forms. The pseudopupil, typically a black dot that appears to move around the insect's eye as the observer's viewpoint changes, marks the ommatidia that image-and absorb light from-the observer. Thus a line joining the pseudopupil to the observer's eye is the direction of view of the ommatidia in that region. Local measurements of φ can be made easily by rotating the eye through a known small angle (a) and counting the number of ommatidia (b) crossed by the pseudopupil, φ is then a/b. Typically, measurements are made with the animal centered on a goniometric stage, and the pseudopupil is observed or photographed through a microscope (23) . Where the interommatidial angles are small, as for example in the acute zones of dragonfly eyes, the best pseudopupil image lies some distance below the cornea (the deep pseudopupil), and it is important to use a small microscope aperture so that both cornea and pseudopupil can be visualized together. Because the pseudopupil is actually a magnified image of both the rhabdom and its surrounding pigment, its center must be located to find the ommatidial axis direction. Usually this is not a problem, but where interommatidial angles change rapidly, the pseudopupil becomes asymmetric and care is required.
In dark colored eyes the pseudopupil is often not apparent. Crossed polarizing fibers can be used to cut down reflections, but a more generally useful technique is known as the antidromic pseudopupil (15) . Here the center of the head is illuminated from below, and light finding its way into the proximal part of the rhabdom(ere)s is emitted from their distal tips. This produces a luminous pseudopupil, which can be examined in the same way as the dark "orthodromic" kind. Pseudopupil methods are discussed and reviewed in references (14, 23, 76, 87) .
The final method of determining φ is to measure ν s behaviorally, and assume that ν s = 1/(2 φ) (Equation 1). This method uses the optokinetic response, in which an insect at the center of a striped drum will turn with the drum to minimize the displacement of the image across the retina. If the grating is of high contrast and brightly illuminated, then the finest grating that can be detected should coincide with the sampling frequency. Important early studies included the beetle Chlorophanus viridis (20) and the fly Drosophila melanogaster (16) . Comparing the behavioral results with values for φ obtained from anatomical measurements, Wehner (87) commented: "These numbers, being accurate to half a degree, all agree well with the half-periods of the highest frequency gratings resolved by the species. To my knowledge, there is no single insect or crustacean species in which this correspondence has not been confirmed whenever the experimental conditions have been selected carefully enough." This gives us confidence that the values of φ measured by anatomical and optical methods are indeed those of relevance to the insects.
Srinivasan & Lehrer (75) used a different behavioral method in honeybees, training them to distinguish gratings with vertical and horizontal stripes at different distances. They found that the highest spatial frequency reliably resolved by the bees was 0.26 cycle deg −1 , with no evidence of a difference in acuity between horizontal and vertical gratings. This grating has a half-period of 1.9
• , which is considerably less than the horizontal interommatidial angle (2 φ h ), which has a minimum of 2.8
• (38, 67) . This implies that in this case the ommatidia detecting the gratings are arranged in obliquely alternating vertical rows (see Figure 2 ).
Acceptance Angles ( ρ)
Electrophysiological recordings from single insect receptors have been made since the 1960s. By giving flashes from a small light source as it moves through the center of a cell's receptive field, the angular acceptance function of that cell can be built up. ρ is then the width of the function at half maximum sensitivity. Early estimates of ρ that used this method tended to be overestimates because of damage, and it was not until the 1970s that the technique was perfected (17) . However, since then theoretical (Equation 7) and measured values for ρ have come into agreement for a number of species (see Table 2 ). A recent improvement of the method is the use of a "light-clamp" in which the receptor's response is kept constant by the use of a density wedge in a feedback loop (70) .
It is often possible to use an optical method to make the angular acceptance function visible as an intensity field outside the eye. The technique involves illuminating the eye so that light emerges from the distal tip of the rhabdom, either using antidromic illumination from behind the retina (14) or light reflected back from a tapetum (37, 52). This light can be collected and imaged by a suitable optical system, and its distribution measured. The principle of the reversibility of light implies that the light emitted by the rhabdom should have the same distribution as the light accepted, so that the half-width of the emitted light should equal ρ. In the blowfly Calliphora erythrocephala, this method gave minimal values for ρ of 1.24
• (78), essentially identical to the electrophysiological measurements (17, 70) and in perfect agreement with calculations that used appropriate waveguide theory. Table 1 gives a list of reliable measurements of interommatidial angle in insects classified by order and by eye type. Unless otherwise indicated, these are minimum values from the front part of the eye. Where vertical and horizontal angles differ, as they often do, the compromise angle
RESULTS OF ACUITY MEASUREMENTS
Differences Between Insect Groups
see Figure 2b ] is used. Other things being equal, one would expect acuity to be close to 1/(2 φ). The angle φ varies from tens of degrees in Collembola to 0.24 • in the acute zone of the dragonfly Anax junius, roughly in line with the sizes of these animals' eyes. Many common flying insects-e.g. bees, flies, and butterflieshave φ in the range 1-3
• , predicted from their eye diameters of around 1 mm (Equation 13). Most insects with φ less than 1
• are predators-dragonflies, mantids, and sphecid wasps-and in all cases the value quoted comes from the forward-pointing region of the acute zone used for tracking prey. In many Diptera, however, and in some other orders, only the male has a high acuity region, which is used to detect and pursue females (see section on forward flight pattern). In some insects the eyes are actually double, e.g. in mayflies, the neuropteran owl flies Ascalaphus macaronius, and the nematoceran fly Bibio marci. The upward-pointing dorsal eye always has the higher resolution and is used for detecting females or prey against the sky (32, 90) . There seem to be no obvious differences in acuity between the different types of eye; among the Lepidoptera and Coleoptera, apposition and superposition eyes ( Figure 4 ) cover a similar range of values of φ.
The relation between φ and the acceptance angle ρ is of considerable interest because it indicates how the optical image is sampled. Recall that the finest grating frequency that the optics and the rhabdom can just resolve is equal to 1/ ρ (Equation 8), and the finest frequency that the ommatidial array can transmit is equal to 1/(2 φ) (Equation 1). So in conditions where photon numbers are not limiting, one might expect ρ to be twice φ. If the ratio ρ/ φ is less than 2 then the image can be said to be under-sampled, and if it is more then it is over-sampled. If the ratio is 2, then sampling is said to be matched, as it is in humans. Table 2 presents some recent studies in which both φ and ρ have been measured accurately. In all but a few cases the ρ/ φ is less than 2. The exceptions are all from dark-adapted or dark-living animals (e.g. the mantid Tenodera australasiae in the dark, the nocturnal beetle Anoplognathus pallidicollis, the crepuscular butterfly Melanitis leda and the crepuscular beetle Onitis alexis ratios not far below 2 when dark-adapted). For the remainder of the light-adapted diurnal insects in the table, the average ρ/ φ ratio is 1.07, implying undersampling. This will give high contrast in the image (around 0.4%) at the spatial sampling frequency of the ommatidial mosaic (Figure 3b) . Why insects need this high contrast when humans do not is, however, unclear. One suggestion (73) is that flying insects rotate rapidly, and so the "real" values of ρ are widened by motion blur (Equation 12 ). For a fly, rotation at a few hundred degrees per second would double the effective value of ρ from 1.5 to 3
• , resulting in the matched condition. The reason why in dark-living animals the ratio increases above 2 is presumably because a high value of ρ is needed to increase the number of photons caught (Equation 11).
Departures from Uniform Symmetry
Most insect apposition eyes do not sample the surroundings in a uniform way. These nonuniformities are of two kinds. There are variations in local angular sampling density, giving some regions higher resolution than others, thereby creating acute zones (or "foveas"). There may also be differences between the spacing of ommatidial axes in the horizontal and vertical directions. Thus, to describe fully the way that the eye samples the environment, it is necessary to measure φ h and φ v (Figures 2b; see Figure 6 ) in all eye regions. The need for these asymmetries arises from the fact that insect eyes are cramped for space because of the limit to resolution imposed by diffraction (Equation 13). Acute zones have to be sneaked in at the expense of lower resolution elsewhere, and if there is less need for horizontal than for vertical acuity, space can be saved by appropriately distorting the pattern of ommatidial axes. Optical superposition eyes usually show less distortion than apposition eyes, because the optical system does not allow much departure from a spherical form.
There seem to be three broad patterns in the distribution of axes in apposition eyes (38) : an overall pattern associated with forward flight, acute zones concerned with the capture of prey or mates, and horizontal acute strips associated with flat environments such as water surfaces ( Figure 5 ). In describing these patterns it is helpful to indicate how intensively the ommatidial array samples different regions of the surroundings. The measure adopted in here is the number of ommatidial axes per square degree, or axis density (see section on acute zones). This is easily calculated as 1/(2 φ h φ v ), or 1/( √ 3 φ 2 /2) if the array is symmetrical.
THE FORWARD FLIGHT PATTERN Bees, butterflies, and acridid grasshoppers are all flying herbivores, and share a characteristic and pronounced pattern of changing interommatidial axis density and vertical/horizontal ratio across the eye. There are two separate gradients. The angle φ h is smallest in the front of the eye and increases towards the back, and φ v is smallest around the eye's equator, increasing towards both dorsal and ventral pole. This results in a frontal acute zone and a band around the equator with enhanced vertical, but not horizontal, acuity (38) . This pattern was first noticed in bees and butterflies (3, 10) , subsequently in locusts (1) , and in various other insects (23, 38) . Figure 6 shows the pattern of ommatidial receptive fields in different regions of the eye of the Australian butterfly Heteronympha merope. The circles represent the dark-adapted acceptance angles ( ρ = 1.9
• ) measured optically (52), which vary little across the eye, as does the facet diameter (21-26 µm). There are, however, major variations in both φ h and φ v . From the front horizontally to 120
• , φ h approximately doubles, pulling the vertical rows of axes apart. Vertically in either direction from the horizontal midline, φ v increases by a third, separating the individual fields in the vertical rows. A similar pattern has been documented in worker honey bees (38, 67) . Here, the horizontal variation is smaller than that in butterflies, but the vertical variation is greater. The highest value for φ h is not in the forward direction but is about 40
• from the midline; this possibly is related to the amount of sideways maneuvering bees undertake compared to butterflies. Locusts and other acridid grasshoppers are intermediate between bees and butterflies. However, tettigoniid grasshoppers (bush crickets) that rarely fly have spherical eyes with none of these patterns of distortion (the author's personal observations). Female blowflies (Calliphora erythrocephala) also show a pattern similar to that in butterflies (42) , although in the males this pattern is distorted to give a pronounced acute zone concerned with mate capture (Figure 7b) .
What are the reasons for these gradients? The front-to-back acuity decrease is probably attributable to the motion flow-field encountered by insects in flight and to the blur that results from it (38) . An insect flying in a straight line has a stationary view directly ahead but has a fast-moving field to the side, 
where U is the insect's linear velocity, and α the angle between the object and the forward direction. For an insect flying near foliage, the resulting blur will roughly double the effective acceptance angle (Equation 12 ), which will "fill in" the horizontal rows in H. merope ( Figure 6 ). For the vertical variations in φ v there is no equivalent argument. Here the most likely reason for such variation is that there is more relevant detail in the region around the eye's equator, especially to an insect feeding on flowers, and hence the need for higher acuity in that part of the field. This "terrain hypothesis" is commonly used to explain the presence of "visual streaks" in vertebrate retinae (26) .
ACUTE ZONES CONCERNED WITH PREY CAPTURE AND MATING Many insects have a forward or upward-pointing region of high acuity. Where both sexes have the specialization (mantids, dragonflies, robber-flies), predation is the reason, but more commonly only the male has the acute zone (simuliid midges, hoverflies, mayflies, drone bees), implying use for sexual pursuit. In male houseflies and blowflies the acute zone may be little more than a local increase in the acuity of the "forward flight" acute zone common to both sexes (42) .
At the other extreme they may be separate eyes, as in the dorsal eyes of male bibionid flies (90) and the "turbanate" eyes of male mayflies (24), used for detecting females against the sky (32) . In male C. erythrocephala the acute zone lies 20-30
• above the equator (Figure 7b) and is characterized by a lower value for φ than in the female (male 1.07
• , female 1.28 • ) and larger facets (male 37 µm, female 29 µm) (42). In houseflies (M. domestica) and probably other flies the acute zone shows anatomical differences at the receptor level (19) . Receptor R7, for example, sends its axon to the lamina rather than the medulla, a change seen as improving sensitivity slightly. Central to the lamina, a number of male-specific interneurons have been discovered, which are undoubtedly involved in the organization of pursuit behaviour (21, 74) .
In the hoverfly Syritta pipiens the sex difference is more striking (7). In the male's acute zone, φ is about three times smaller (0.6
• ) than anywhere in the female eye. A male uses this advantage to track a female while remaining beyond her visual detection range. Other Dipterans show a very wide variety of sex-specific acute zones, beautifully described by Dietrich (11) . Drone bees have a similar anterodorsal acute zone, where the density of ommatidial axes is three to four times greater than in the female eye (Figure 7c ). They use this region when chasing the queen (as illustrated in experiments with a dummy queen on a string) (82) . The minimum target size that a drone will pursue subtends 0.32
• , which is much smaller than the ommatidial acceptance angle of 1.2
• (77). Thus the trigger for pursuit is a brief decrease of about 6% in the intensity of background sky light received by single rhabdoms. This is one of the few good measurements available of the "single object threshold" of an insect eye. Simuliid flies also use the upper part of their divided eyes to detect potential mates against the sky, and they can do so at a distance of 0.5 m, when a female subtends an angle of only 0.2
• , again a small fraction of an acceptance angle (31, 32) . Tsetse flies (Glossina morsitans) seem to need a much larger signal to evoke chasing, about 1.6
• across, which is similar to the foveal acceptance angle (4) .
An increase in the detectability of small objects can be achieved either by reducing ρ, so that a small target causes a large change in the signal on the rhabdom that images it, or by increasing the numbers of photons available to the rhabdoms, thereby reducing the noise against which the signal must be detected. Either method requires a larger facet diameter D (Equation 7 and 11). In most known examples increases in facet diameter have evolved to reduce ρ. However, the male blowfly Chrysomyia megalocephala has a "bright zone" rather than an acute zone, where ρ is similar to the rest of the eye, but the photon catch per rhabdomere is enhanced roughly tenfold by an increase in both facet and rhabdomere diameter (81) . Perhaps this enables the fly to mate in particularly dim conditions. 1Although it is males that generally have acute zones, females of the pipunculid flies in the genus Chalarus, have greatly enlarged frontodorsal ommatidia (27) . These flies parasitize leafhoppers, and the ovipositing females must locate these on the undersides of leaves. The males have no equivalent need for keen eyesight.
Dragonflies hunt other insects on the wing and have acute zones with a variety of configurations (23, 69) . Many have two acute zones, one forward pointing (presumably concerned with forward flight as discussed above) and another directed dorsally for prey capture (Figure 7d ). In perching libellulids the frontal zone is minimal, but there is an acute zone about 40
• wide in the frontodorsal region. The migratory, fast-flying aeschnids have the largest eyes of all insects and among the most impressive acute zones. Anax junius has 28,672 ommatidia in each eye (69) , and also has the smallest recorded interommatidial angles of any insect-0.24
• in the dorsal acute zone. This zone (Figure 7d ) provides a narrow band of high resolution extending across both upper fields of view along a great circle. The axis density (5 per square degree) is five times higher than in male Calliphora enthrocephala. The dorsal acute zone is easily visible as a wedge of enlarged facets (each 62 µm in diameter), although the forward-pointing zone is much less obvious. Presumably, the high-acuity stripe in A. junius is used to trawl through the air, picking out insects against the sky, much as the scan line on a radar screen picks up aircraft. Aeschnid larvae are also predatory, catching prey underwater. They too have an acute zone with low φ values (68), but it is frontal rather than dorsal. Little of the larval eye remains in the adult.
Like dragonfly larvae, praying mantids are ambush predators. They have large, binocularly overlapping acute zones that are used to center prey before it is struck with the spiked forelegs (61) . Mantids, perhaps unique among insects, determine prey distance by binocular triangulation (62, 63) . In Tenodera australasiae, Rossel (60) found that φ varied from 0.6
• in the acute zone center to 2.5
• laterally, and that in all regions of the eye ρ was virtually identical to φ (Table 2 ). Facet diameters decreased from 50 µm in the acute zone to 35 µm peripherally, but this is less of a decrease than would be expected from diffraction considerations alone (Equation 4).
Although acute zones are nearly all frontal or dorsal, there are exceptions. Whiteflies (Aleyrodes proletella: Hemiptera) have divided eyes with larger facets ventrally (47); it is not known why. The situation in certain phorid flies is more comprehensible; they follow ants or termites by flying above them, prior to laying eggs on them (12) . In the most extreme case (Apocephalus laceyi) the ventral facets are 35 µm across, and the dorsal ones 26 µm. In mosquitoes the lower facets are also larger (48) , perhaps because of the need to see the ground during navigation in dim light.
HORIZONTAL ACUTE ZONES As we have seen, flying insects have increased vertical acuity around their eyes horizon, reflecting the visual importance of this region. There are environments where the horizon region is even more important, and eye design reflects this. Crabs that inhabit sand flats have a narrow band of high vertical acuity around the equators of the eyes (91) , and ants (Cataglyphis sp. bicolor) that scavenge the desert surface also have a high acuity band around the horizon (92) . Water surfaces provide a similarly restricted visual environment. Water-striders (Gerris lacustris) hunt prey stranded in the surface film and have a narrow acute band only about 10
• high, imaging the horizon (Figure 7e ). Within this acute band, φ v in the frontal region is only 0.55
• , but φ h is 1.9
• , and both φ h and φ v increase towards the rear (8). These insects have an open rhabdom eye and probably have some form of neural superposition, as in Diptera (8, 50) .
The backswimmer (Notonecta glauca) is in some ways more remarkable. It hangs inverted from the surface, so that it looks upwards with what is morphologically the ventral part of the eye. Its typical prey consists of insects struggling in the surface film, and it actually has two views of them. If it looks upward at about 48
• from the vertical it will look out into air, but the line of sight, after refraction, lies along the surface. If it looks lower 60-70
• down from the vertical, it will also view the surface, but this time from below, through the water. Schwind (65) found that N. glauca has two acute bands across its eyes that correspond to the images of these two views of the surface, both of which look into the direction of potential prey. In each band φ is 1-2
• , with a lower acuity zone between them where φ falls to 4
• . Empid flies also inhabit the water surface, but they fly just above it, searching for drowning insect prey. Some (Hilaria and Rhamphomyia spp.) have a pronounced band of enlarged facets around the eye equator and a corresponding 20
• high acute region; presumably the large facets here serve to improve the diffraction limit (Equation 4). Vertical resolution increases by a factor of 3-4 in the acute band (91) .
CONCLUDING REMARKS
The preceding examples show how well the insect compound eye can adapt to different environmental conditions by subtle changes in its structure. As Walls remarked in his great book on the vertebrate eye (84a): "Everything in the vertebrate eye means something;" and this is just as true of insect eyes. The variations in facet diameter, in optical construction, in the angles between ommatidia, and in rhabdom diameter and length all allow the eye to make the most of the information in the environment. This is in spite of the fact that the tiny lenses of compound eyes severely limit resolution. Nilsson has put it very well (49): "It is only a small exaggeration to say that evolution seems to be fighting a desperate battle to improve a basically disastrous design." One of the intriguing unsolved problems of insect vision is why this design persisted when alternatives were apparently at hand, in the form of dorsal and larval ocelli, both of which have a single lens construction (36) . Either there is something we still do not know about compound eyes, or evolution is remarkably conservative on some occasions.
